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Abstract 
The goal of this work is to model the present basin-scale groundwater flow of the Paris basin with a basin modelling approach 
and to use it to initialise a reservoir model for CO2 injection. It is part of the ULTimateCO2 FP7 European funded project which 
aims to significantly enhance our knowledge of specific processes that may affect the long-term fate of geologically stored CO2. 
 
Basin models simulate the history of sedimentary basins through time by coupling geological events such as deposition, erosion, 
compaction, structural deformation and subsurface flow simulation. In order to construct the basin model of the Paris Basin in 
IFPEN basin software TemisFlow®, several types of data were gathered. The current surface topography and 11 horizons 
representing the top of selected main geological layers (from basement to surface) were constructed from outcrop boundaries, 
wells and isobath maps. Seven erosion maps for the main unconformities recorded in the Paris Basin were also constructed to 
complete the burial history of the sedimentary basin. TemisFlow® computes pressure, temperature and salinity fields over the 
basin history up to the present-day. The final state of the basin simulation is then used as initial state of the reservoir numerical 
model (CooresTM). The latter is used to simulate the injection of CO2 and its effects on the pressure field for instance.  
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Introduction 
The long-term fate of stored CO2 in a saline aquifer is directly controlled by geological characteristics (such as 
structural pattern, sedimentary architecture or petro-physical properties) and also by groundwater composition and 
flow. In order to assess the long-term fate of injected CO2, 3D numerical reservoir models are built taking into 
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account the natural spatial variability of facies and associated petrophysical properties. They are used to simulate 
natural fluxes and their modifications due to the injection of supercritical CO2. Usually, the numerical flow model is 
initialized assuming a hydrostatic equilibrium. This type of initialisation does not take into account regional 
groundwater flow nor singularities in the pressure field that may ensue from the geological history.  
 
The goal of this work is to model the present-day Paris basin groundwater flow with a basin modelling approach and 
then to use that result to initialise a reservoir model for CO2 injection. Basin models simulate the history of 
sedimentary basins through time; they couple models of geological events such as deposition, erosion, compaction, 
structural deformation and subsurface flow simulation. They compute pressure, temperature and salinity fields over 
the basin history. The resulting present-day state of the basin model is then used as initial state of the reservoir 
numerical model. The latter is used to simulate the injection of CO2 and its effects on the pressure field for instance. 
The coupling between basin and reservoir simulators will help: 
x to generate a more accurate initial state before the CO2 injection simulation and  
x to understand the influence of the pressure pulse induced by the CO2 injection on brine displacement and 
possible change of hydrodynamics regime at basin-scale.  
1. Geological setting 
The Paris Basin is a 600 km-wide intracratonic sedimentary basin located in the North of France (Figure 1 - top). It 
is composed of a pile of Triassic to Tertiary sediments reaching a maximum thickness of 3 km in the central part of 
the basin. It is bounded by four blocks of outcropping Hercynian basement: the Ardennes in the northeast, the 
Vosges in the East, the Massif Central in the south and the Armorican massif in the west. It is open to the North 
towards both the Belgium and the London Basins. In order to construct the basin model of the Paris Basin, several 
types of data were gathered.  
 
The current surface topography and 11 horizons representing the top of selected geological layers were constructed 
from outcrop boundaries, well and isobath maps. These twelve surfaces (names from the basement upward: 
basement, Triassic, Domerian, Liassic, Dogger, Oxfordian, Upper Kimmeridgian, Jurassic, Gault Formation, 
Cretaceous and Lutetian) have been created to describe the general structure and geometry of the Paris Basin 
(Figure 1 - bottom). 
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Figure 1: Geological map of the Paris basin (top) and 3D view of the stacked 11 main horizons used to construct the model (bottom). 
 
Seven erosion maps for the main 7 unconformities recorded in the Paris Basin were constructed and used: 
x Three Early Cimmerian phases at the end of the Ladinian, Carnian and Norian stages. 
x The Medium Cimmerian epirogenic phase at the end of the Aalenian stage 
x The Late Cimmerian phase between the Jurassic and Cretaceous periods. 
x The Austrian compressive phase related to the opening of the Bay of Biscay during the Aptian stage. 
x The Laramide compressive phase at the top of the Cretaceous period when occurred the intense erosion of 
the Chalk. 
 
Fourteen facies maps were reconstructed for the first stages (from the Anisian-Scythian to the Oxfordian). The 
composition of the upper layers (above the Oxfordian) was assumed to be spatially homogeneous with a single 
lithofacies defined for each layer. However, these facies were defined as a mixture of different lithologies to account 
for the actual vertical variation within a layer 
 
The resulting 3D model of the Paris Basin is illustrated in Figure 2. It is built upon all the previously described data. 
The horizontal resolution was set to square cells of 2 x 2 km2. Vertically, the model is composed of 27 layers. The 
entire block is composed of about 2 million cells. However, as all layers are defined over the same entire domain, it 
leads to a large amount of flat cells where geological layers do not exist anymore and where horizons are merged.  
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Figure 2: 3D view of the constructed Paris Basin model in TemisFlow® software. 
2. Basin modeling 
2.1 Backstripping 
The first step of the basin modelling process is the "backstripping" which is a method to analyse the filling history of 
a sedimentary basin. It involves the progressive "peeling-off" or removal of each sediment layer considering 
isostatic, sediment decompaction due to this unloading. The subsidence, deposition and erosion history can be 
estimated quantitatively in reverse. This step allows to reconstruct all geometries, for each step in the past, to 
prepare the forward simulation of the basin history (Figure 3).  
 
Petrophysical parameters such as porosity, permeability, relative permeabilities and capillary pressure are generated 
by the basin simulator through each facies properties. The different facies were defined based on several data (from 
existing 2D model of the Paris basin (Burrus, 1997), from default facies existing in the TemisFlow® software and 
from the combination of predefined facies). The default compaction law gives the porosity as a function of the 
burial. The permeability is computed according to the Kozeny-Carman law (Carman P.C., 1956).  
 
In the basin modelling software TemisFlow®, the basement is supposed to be a no-flow boundary. Otherwise, the 
model is supposed to be full of water. It means that flow heights are equal to the top of the model plus the 
bathymetry depth. It is equivalent to a pressure boundary condition of 1bar at the surface of the model if the basin is 
emerged and 1bar at 0m if the basin is immersed. The palaeo-bathymetry is supposed to be constant spatially for 
each event. In reality, the palaeo-bathymetry defines the geometry of the basin at each time of the basin history. It is 
a description of the water depth to be added to the sediment thickness at each point of the basin. In 3D, for each time 
step, bathymetry maps would need to be defined according to deposited facies and their associated depositional 
environments. It was not possible within this study to define these maps; as a first order proxy, it was considered a 
constant values for each time step. 
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Figure 3: Four 3D views of the backstripped Paris basin model in TemisFlowTM software at 13.8M years (top left), 145M years (top right), 175M 
years (bottom right) and 235M years (bottom left). 
 
A constant initial salinity for each deposited layer can be defined and only one lithology can be set as a salt source. 
There is no salinity defined for the erosion events when freshwater could be input into the system during the 
exposure of outcrops to meteoric water for example. In the Paris Basin, several lithologies contain anhydrite or 
gypsum, but the most important volume of salt is deposited during Carnian ages. (Figure 4). Thus, the Carnian salt 
cone was chosen to be the unique source of salt. The other shaley formations of the Triassic are also rich in 
anhydrite but this salt is disseminated in the shales and thus can be less easily mobilized. 
 
 
Figure 4: 3D views of the Paris Basin at Carnian age showing on the left, sedimentological facies and, on the right, simulated salinity. The cone 
of salt is colored in salmon on the left and in white (concentration = 350 g/l) on the right panel. 
-50 g/l 
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2.2 Forward simulation 
The second step of the basin modelling process is the "forward" simulation. The 3D fluid flow simulator solves 
simultaneously up to the present day several equations: conservation of mass and momentum for solids and fluids, it 
also includes salinity transport by advection, compaction, energy conservation, the generalized Darcy law for the 
three-phase flow and if necessary the maturation and generation of hydrocarbons. 
 
Results are compared against estimations of temperature and salinity fields from the literature (Ménétrier et al. 2005; 
Fontes and Matray, 1993) and former modelling work (Gonçalvès, 2002; Blaise, 2012). 
 
A constant thermal boundary conditions is set at the top surface and a given heat flow is imposed through the 
basement. They both vary through time. Simulated temperatures range from 12°C at the surface up to ~131°C at the 
most deep bottom of the basin. These results are consistent with the results of Bonté et al (2010). They compiled 
temperature data of several hundreds of oil boreholes drilled in French sedimentary basins. For the Paris basin, they 
found maximum values up to 120°C at 3000 meters deep. From their maps, temperatures seem to reach between 
30°C and 60 °C at 1000 meters deep and between 70°C and 95°C at 2000 meters deep. In this basin modelling 
simulation, temperatures simulated are consistent with the above values. They span between 45°C and 60°C around 
a depth of 1000m, between 80 and 95°C at 2000 m and, between 113°C and 127°C at depth of 3000 m. The 
simulation of the thermal history seems also consistent with literature data.  
 
 
Figure 5: 3D view of temperatures simulated with the Paris Basin model in TemisFlow® software. The color scale is in Kelvins from 285.15°K 
(12°C) in magenta up to 400.15°K (127°C) in red 
 
Figure 6 shows the migration of the salt simulated through time. At 231.5 My, the cone of salt is deposited. As it is 
buried, the salinity migrates up- and down-ward to the adjacent layers and laterally along conductive layers. At 145 
My, the salt has reached the surface on the eastern part of the basin following the Dogger and Malm layers. A 
salinity plume is gently flowing towards the basin centre. This plume is flushed by the flow induced by the basin 
deformation during the Late Cimmerian erosion and the next normal subsidence. From 56 My until 13.8 My, the salt 
in the layers below the salt cone is migrating again gently towards the basin centre. On Figure 6, salinity 
concentration is increasing slightly between the salt cone (in white) and the deepest point of the basin. But, it is 
285.15 °K 
400.15 °K 
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during the last event (from 13.7 My to 0 My) that the whole system is flushed when the basin is emerged. The 
salinity is spread far downstream from the salt cone. In the eastern part of the first layer at the bottom of the basin, 
the Bundsandstein sandstone, the salinity decreases from up to 80 g/l to less than 20g/l. Nowadays, this aquifer is 
known as a freshwater aquifer. 
 
 
 
Figure 6: 3D view of simulated salinity field through time. Color scale ranges from -50g/l to 200 g/l so that 0g/l is centered on the deep blue 
The basin modelling simulates also pressure field (Figure 7 – left) which is the result of several physical processes: 
x the fluid column weight at a specific time. It depends on the density of the fluid (which depends on the 
temperature and the salinity of the water) and on the height of the fluid column (which is generally equal to 
the top of the solid structure minus a possible non-saturated zone). 
x the fluid flow during the basin history. At each time, fluid pressure is calculated by the basin simulator. 
However, at each geological event, the geometry of the basin is changed according to the magnitude of 
subsidence/uplift and/or deposition/erosion. The fluid column weight is modified by these movements and 
fluid displacement may result from the difference between the previous calculated pressure field and the 
new column weight. This leads to a new pressure state depending on the local permeabilities.  
 
In order to highlight the effect of the last uplift of the basin, the difference between the simulated pressure that takes 
into account the burial history of the basin and a simple hydrostatic pressure at present day is plotted in Figure 7 
(right). There are some overpressure areas mostly in the Triassic layers. During the last event, the general uplift 
induces a subsurface flow from outcrops higher in the Eastern part towards the west and the English channel. After 
13.8 My, water pressures in the basin, and more particularly in deep Triassic layers, are not yet in equilibrium with 
these boundary conditions. High pressures are trapped in these deep layers below shaley marls of 
Domerian/Toarcian age.  
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Figure 7: 3D view of simulated pressure (left) and over-pressure (right) fields. Color scales range respectively from 0 to 32MPa and 1.5MPa 
(1MPa = 10 bar). 
3. Reservoir modeling 
The results of the geological modelling of the multi-layered Paris Basin are used to initialise a flow model at 
reservoir scale before the simulation of an injection of CO2 in the Triassic saline aquifers. The simulated scenario 
corresponds to an injection of 200 millions of tons of CO2 over 50 years. Fluid flow simulation was performed with 
CooresTM reservoir software and results are visualized with the OpenFlow platform, developed at IFPEN. 
 
Ideally, initialisation of petrophysical properties (porosity, permeability), pressure, temperature and salinity should 
come from the results of the basin model calculation done by TemisFlow®. However, the actual prototype version 
of TemisFlow® does not consider the salinity variation in the computation of the water density neither a potential 
vadose zone in the initial pressure calculation. Although the pressure field simulated by TemisFlow® is consistent 
with the measured data, the salinity effect needed to be considered because it is known to be non-negligible. That is 
why an alternative pressure initialisation was performed with the reservoir simulator CooresTM. However, as it is 
explained more in detail hereafter, using only a reservoir simulator to compute the pressure initial state makes us 
loose another physical process, the one related to the basin history. Indeed, CooresTM reservoir simulator is able to 
compute the water density as a function of the temperature and salinity (data coming from TemisFlow®). The 
vadose zone can also be modelled by modifying the pressure imposed at the top surface boundary. However, the 
pressure result does not take into account the burial history of basin that TemisFlow® could provide. Due to those 
basin and reservoir simulator constraints, it was decided to compare these two types of initialisations with limited 
description of physical processes:  
x one by TemisFlow® that simulates the pressure according to the basin burial history but does not take into 
account salinity in the water density computation neither a potential vadose zone and  
x one by CooresTM that simulates properly the pressure with all thermodynamic conditions and with a vadose 
zone but does not consider the basin history. 
 
Initialising a large model in pressure with a reservoir simulator when there are variations of salinity, temperature and 
topography is not straightforward. In most fluid flow simulators, the calculation of the initial state of pressure 
consists in a single hydrostatic gradient. This is done by ranking all the grid blocks of the model on a 1D column, by 
averaging temperature and salinity for a given depth and then by extending the obtained information on the 3D 
model. Such an approach is correct as long as there is no lateral variation in density and the top of the reservoir stays 
below the sea level. However, geological data of the Paris Basin show that it is not the case here: temperature 
(Figure 5) and salinity (Figure 6) are not a linear function of depth. This intrinsically implies lateral variations of the 
water density. In addition, a topography higher to the sea level moves the 1 bar (atmospheric pressure) reference 
from 0 m to the highest cell of the model. For example, if the highest grid cell of the model is at 400 m above the 
0 MPa 
32 MPa 
0 MPa 
1.5 MPa 
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sea-level, the pressure at 0 m will be computed at ~41 bar (1 bar reference plus ~40 bar water column weight) 
whatever the actual fluid column height is. 
 
It appears therefore essential, before any injection simulation, to perform a pressure balancing simulation in order to 
reflect real changes in density. To reflect both boundary conditions and lateral variations of salinity and temperature, 
a prior fluid flow simulation is carried out over a period of 10 million years without well or injection of CO2, until 
obtaining a permanent flow regime. This step is a purely numerical one and its goal is to model a steady state 
pressure field for each grid block coherent with the temperature, salinity and a potential/possible vadose zone.  
In order to check if the obtained steady state is consistent with the pressure field of the Paris Basin, calculated 
pressures were compared with measured ones on a large number (132) of wells. Figure 8 shows the good match 
between measured pressures and simulated ones obtained by both CooresTM after pressure balancing and 
TemisFlow® for most of the 132 control wells. The main differences could be justified by the operation of wells in 
the corresponding reservoir, operations which is not taken into account in these simulations.  
 
Several vadose zone heights were simulated and the hydrodynamic pressures with a water column heights equal to 
200 m are the closest to the measured ones at wells. That suggests the existence of a non-negligible vadose zone and 
the elevation of 200 m corresponds effectively to the average elevation of the Triassic outcrops in the Berry region 
(South of the basin). 
 
Both pressure fields are consistent with the Paris Basin actual state even with different physical processes simulated:  
x TemisFlow® does not take into account the salinity when computing the water density 
x CooresTM takes both the salinity and the temperature into account but not the burial history of the basin. 
 
The basin history leads to local overpressures even without considering the salinity. It is known also that high 
salinity values such as the ones found in the basin are leading to important overpressures. Besides, the final balanced 
pressure in CooresTM is obtained with yet another process: the effect of a vadose zone for elevated areas. 
Furthermore, boundary conditions are defined in a similar way in both models, the main difference lies in the fluid 
density: in TemisFlow® the fluid is considered as freshwater, whereas in CooresTM the fluid has the same 
composition (and properties) than the one of the boundary cells. All these physical effects may cancel or conversely 
add to each other differently throughout the basin. Thus, with these different computational constraints, it is difficult 
to decide which model is the most relevant at this point. For the following injection tests, it was decided to use the 
pressure field computed by CooresTM after balancing. Note that all other input parameters (petrophysical ones, 
temperature, salinity) come or are derived from the TemisFlow® simulation. 
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Figure 8: Differences between pressure measured at control wells and simulated pressures (TemisFlow® results in blue circle, CooresTM steady 
state in red). 
 
The CO2 injection is then simulated with an imposed CO2 rate of about 10950 t/day over a period of 50 years 
(Figure 9). We note that the plume extension remains very low: only 20 km2 at the end of the injection and the 
injected fluid remains confined in the Triassic layers. The maximal overpressure value is recorded at the Ladinian 
layer and is equal to 143 bar i.e. 54% of the pressure initial value at the same depth. The overpressure at the 
uppermost perforation of the well is equal to 59 bar i.e. 25 % of the initial value, which satisfies our injection 
criterion.  
Note that, in this model, the zone impacted by the CO2 transport is very localized and that the resolution used to the 
basin model (cell size of 2 km) implies that the shape of the plume is relatively coarse. A more refined mesh would 
give more precise quantitative results. 
 
 
Figure 9: CO2 plume (left) and overpressure (right in bar) at the end of the injection, cross view from the South. 
0 % 
82% 
0 bar 
145 bar 
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Conclusion 
This study shows that it is possible to couple with some limitations a basin and a reservoir simulators: 
x a basin simulator (TemisFlow®) in order to compute the present-day pressure, temperature and salinity 
fields consistent with the basin geological history, 
x a reservoir simulator (CooresTM) which simulates the injection and long-term fate of the CO2 in a reservoir 
with its initial condition derived from the basin simulator results. 
 
However, the actual versions of the simulators do not allow performing a full complete coupling between the basin 
and the reservoir tools. 
The version of the TemisFlow® simulator is limited by the salinity option (this option is still a prototype and is not 
available in the commercial release) particularly with the fact that the water density calculation is not linked with the 
salinity of the water. Another point is that it is not possible to simulate a vadose zone. For these reasons, an 
alternative pressure initialisation was performed with CooresTM by using only the petrophysical data (porosity, 
permeability), the temperature and the salinity from the basin simulation result as input for the reservoir simulator. 
Pressure fields simulated both by TemisFlow® and by CooresTM show a good agreement with measured data even if 
they include some different physical processes. These differences can add or cancel to each other and so, at this 
point, it is difficult to decide which one is the most relevant. 
In the next version of the TemisFlow® software, the salinity and the vadose effect will be available. Such a basin-
reservoir coupling will allow then to take into account the complete initial hydrodynamics and the pressure 
singularities of a reservoir and thus to have a better CO2 storage prediction. 
 
Acknowledgements 
The research leading to these results has been carried out in the framework of the ULTIMATE-CO2 Project, funded 
by the European Commission’s Seventh Framework Program [FP7/2007-2013] under grant agreement n° 281196. 
 
References 
Blaise T., 2012, Histoire thermique et interactions des fluides-roches dans l'Est du Bassin de Paris, Ph.D. Université 
de Lorraine. 
Bonté D., Guillou-Frottier L., Garibaldi C., Bourgine B., Lopez S., Bouchot V., Lucazeau F., 2010, Subsurface 
temperature maps in French sedimentary basins: new data compilation and interpolation. Bulletin de la Société 
Géologique de France 181, 4, 377-390. 
BRGM, 1980, Synthèse géologique du Bassin de Paris, Mém. N° 101, 102, 103.  
Burrus J., 1997, http://www.theses.fr/1997ENMP0757Fonctionnement des systèmes pétroliers : apport d'une modélisation 
bidimensionnelle, Ph.D. Thesis École des Mines de Paris.  
Carman P.C., 1956, The flow of gases through porous media, New-York : Academic Press 
Fontes J.C. and Matray J.M., 1993, Geochemistry and origin of formation brines from the Pris Basin, France, 2. 
Saline solutions associated with oil fields, Chemical Geology, 109, 177-200. 
Gonçalvès J., 2002, Modélisation 3D de l’évolution géologique du bassin de Paris : implications diagénétiques et 
hydrodynamiques [3D model of the Paris Basin geological evolution : diagenetic and hydrodynamic implications]. 
PhD Thesis, University Pierre and Marie Curie, Paris, France, 351 pp. 
Ménétrier C., Elie M., Martinez L., Le Soleuz A., Disnar J.R., Robin C., Guillocheau F. and Rigollet C., 2005, 
Estimation of the maximum burial palaeotemperature for Toarcian and Callovo-Oxfordian samples in the central 
part of the Paris Basin using organic markers, Comptes Rendus Géoscience, vol. 337 (15), 1323-1330.  
